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Charm physics has played all along a central role in particle physics, however the 
level of attention on it has tremendously increased in the last years because of the 
observation of "fast" D° — D° flavour oscillations and because of very recent observed 
hints of CP violation. While in the past these would have been unambiguously interpreted 
as signs of New Physics, the revisitation of theoretical expectations, prompted by the 
latest experimental measurements, makes the picture not clear. This brief review covers 
the current status of CP-violating measurements in the D° — D° system, both on the 
experimental and theoretical side. 
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1. Introduction 

The CP transformation combines the charge conjugation C with the parity P. 
Under C operator particles and antiparticles are interchanged by conjugating all 
internal quantum numbers ( e.g., Q —> —Q for electromagnetic charge), while under 
P the handedness of space is reversed, x — > —x. So far most phenomena observed in 
Nature are C- and P-symmctric, and therefore, also CP-symmetric. Gravitational, 
electromagnetic, and strong interactions are invariant under C, P and then under 
the CP transformation, while the weak interactions violate C and P separately in 
the strongest possible way. For a long time physicists believed that weak interactions 
were CP-symmetric, since the invariance under the CP operator is preserved in 
most weak processes. However the CP symmetry is also violated in certain rare 
weak processes, a s dis covered in neutral K decays in 196^, and observed in recent 
years in B decays^^-J These effects are related to K° — K° and B a — B° mixing, 
but CP violation arising solely from decay amplitudes has a lso b een observ ed, fir st 
in K — > hit decays SEET arLC j more recently in various neutraP^ and chargecPD^ B 
decays. 

Within the Standard Model the CP symmetry is broken through the well-known 
Kobayashi-Maskawa (KM) mechanism by a single complex phase which ap- 
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pears in the 3x3 unitary matrix that gives the VF-boson couplings to an up-type 
antiquark and a down-type quark, in the basis of mass eigenstates. The theory 
agrees with all measurements to date, providing a strong proof that the Cabibbo- 
Kobayashi-Maskawa (CKM) phase is different from zero, and that the matrix of 
three-generation quark mixing is the dominant source of CP violation observed in 
the meson decays. However this is not sufficient to explain the matter-antimatter 
asymmetry observed in our Universe. That asymmetry tells us New Physics (NP) 
with CP violation has to exist. The usual candidate for finding the dynamics under- 
lying the Universes baryonic asymmetry is neutrino oscillation with CP violation, 
however the heavy flavour sectors have not yet been fully covered by experiments 
so far. For instance, the Standard Model (SM) predicts very small CP violation 
for charm decays, therefore the dynamics of this quark can be well probed for the 
existence and analyses of NP without too much SM "background" . Moreover the 
neutral D mesons system is the only one where up-sector quarks are involved in the 
initial state. Thus it probes scenarios where up-type quarks play a special role, such 
as supersy mmet ric models where the down quark and the squark mass matrices 
are alignecP^ESl more generally, models in which CKM mixing is generated in 
the up-quark sector. The interest i n charm dynamics has increased recently with 
the observation of charm oscillation a^^^® ! The current measurements^ indicate 
0(1O -2 ) magnitudes for the parameters governing their phenomenology. Such val- 
ues are on the upper end of most theory predictions^^. Charm oscillations could be 
enhanced by a broad class of non-SM physics processes^! Any generic non-SM con- 
tribution to the mixing would naturally carry additional CP-violating phases, which 
could enhance the observed CP violating asymmetries relative to SM predictions. 

2. Formalism 

The decay amplitudes of a I? meson (charged or neutral) and its CP conjugate D 
to a multi-particle final state / and its CP conjugate / are defined as 

A f = (f\n\D), A f = (f\H\D), Aj=(J\H\D), Aj={f\H\D) (1) 

where % is the decay Hamiltonian. There are two types of phases that may appear 
in Af and Aj. Complex parameters in any Lagrangian term that contributes to the 
amplitude will appear in complex conjugate form in the CP-conjugate amplitude. 
Thus their phases appear in Af and Aj with opposite signs. In the Standard Model 
these phases occur only in the CKM matrix which is part of the electroweak sector 
of the theory, hence these are often called "weak phases" . A second type of phase 
can appear in scattering or decay amplitudes even when the Lagrangian is real. Such 
phases do not violate CP and they appear in Af and Aj with the same sign. Their 
origin is the possible contribution from intermediate on-shell states in the decay 
process, that is an absorptive part of an amplitude that has contributions from 
coupled channels. Usually the dominant rescattering is due to strong interactions 
and hence the designation "strong phases" for the phase shifts so induced. 
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CP violation in the decay appears as a result of interference among various 
terms in the decay amplitude, and will not occur unless at least two terms have 
different weak phases and different strong phases. As an example, let us consider a 
decay process which can proceed through several amplitudes: 



e 



i(5 3 



where Sj and <fij are strong (CP conserving) and weak (CP violating) phases, re- 
spectively. To observe CP violation one needs \Af\ ^ \Aj\, i.e, there must be a 
contribution from at least two processes with different weak and strong phases in 
order to have a non vanishing interference term 

\A f \ 2 - \Aj\ 2 = -2]T \AA\Aj\smiSi - S^sm^i - 4>i)- 

The phenomenology of CP violation in neutral flavored meson decays is enriched 
by the possibility that, besides the decay, it is also possible to have D° -n- D tran- 
sitions, also known as flavor mixing or oscillations. Particle-antiparticle mixing has 
been observed in all four flavored neutral meson systems, i.e., in neutral kaon, both 
neutral B meson systems and neutral D meson system. The particle-antiparticle 
mixing phenomenon causes an initial (at time t = 0), pure D° meson state to evolve 
in time to a linear combination of D° and D° states. If the times t in which we are 
interested are much larger than the typical strong interaction scale, then the time 
evolution can be described by the approximate Schrodinger equation: 




M--T 

2 



where M and T are 2x2 Hcrmitian matrices. 




(2) 



M=( M }} M A and F ^" r - 



m* 2 m 22 ) V r i2 r 22 

associated with transitions via off-shell (dispersive) and on-shell (absorptive) inter- 
mediate states, respectively. Diagonal elements of H c s = M — iT/2 are associated 
with the flavor-conserving transitions D° — > D° and D — ► D while off-diagonal 
elements are associated with flavor-changing transitions D° -R- D . The matrix ele- 
ments of M and T must satisfy M\\ = M 2 2 and Tn = T 22 in order to be consistent 
with CPT invariance. 

The eigenstates of the effective Hamiltonian % c s are 

\D L , H )=p \D°)±q 

while the corresponding eigenvalues are 

Al,h = ( Mn - J ± ~ ( M i2 - 2 Fl2 J ^ mL,H _ 2 Tl,H ' 
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The coefficients p and q are complex coefficients, satisfying \p\ 2 + \q\ 2 



1, and 
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The real parts of the eigenvalues Ai,2 represent masses, m[j, and their imaginary 
parts represent the widths Tl^h of the two eigenstates \Dl.h), respectively. The 
sub scripts H (heavy) and L (light) are here used because by convention we choose 
Am = tuh — mi > 0, while the sign of Ar = Tl — Th is not known a priori and 
needs to be experimentally determined. 

The time-dependent decay amplitude of an initially pure D° state decaying to 
final state / is then given by 

(f\H\D°(t))=A f g + (t) + A f lg_{t\ 



where 



ls±(*)l 2 



I e -t/r 



xt 



cos — ± cosh — 



yt 



represents the time-dependent probability to conserve the initial flavor (+) or os- 
cillate into the opposite flavor (— ) and x, y are dimensionless mixing parameters 
defined as 

_ Am _ Ar 

x -—> y ~l>r' 

and r = (r^ + r#)/2 = 1/r is the mean decay width. 

The time-dependent decay rate, proportional to | (/| % \D°(t)} | 2 , is then 



dT 
~dt 



with 



(D°(t)^f)<x\A f f 



;i-|A/| 2 )cos 



(l + lA^cosh 



- 23m(A/)sin 



+ 2SRe(A/)sinh 



p A f 

In analogy with this treatment one can show that for an initial pure D° eigenstate 
the decay rate is 



f {lf(i)^.f)^\A f \ 2 



(i-IAj 1 ! 2 ) 



cos 



+ (1 + |AjY)cosh 
xt 



yt 



- 2S$m(Aj 1 ) sin I — J + 23fie(A^ 1 ) sinh 



yt 



Decay rates to the CP-conjugate final state / are obtained analogously, with the 
substitutions Af — > Aj and Af — > Aj in the above equations. Terms proportional 



to | Af | 2 or | Af | 2 are associated with decays that occur without any net D° -H- D 
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oscillation, while terms proportional to |A/| 2 or Aj 1 ! 2 are associated with decays 
following a net oscillation; the sm(xt/r) and sinh(yi/r) terms are instead associated 
with the interference between these two cases. 

While CP violation in charged meson decays depends only on Af and Aj, in 
the case of neutral mesons, because of the possibility of flavor oscillations, CP 
violating effects have additional dependences on the values of \q/p\ and A/. We 
then distinguish three types of CP violating effects in meson decays: 

(1) CP violation in the decay is defined by 

\Aj/A f \^l. 

In charged meson decays, where mixing effects are absent, this is the only pos- 
sible source of CP asymmetries: 

a cp (d - /) = r ( z?->/)-r(g^7) = i-lW (3) 

r(£>->/)+IXD->/) 1 + \A 7 /A f \* 

(2) CP violation in mixing is defined by 

\q/p\ i. 

In this case, in place of Eq. [3j it is useful to define the time-dependent asym- 
metry 

, frfi^f.fy dT(D°(t) -» f)/dt - dT(5°(t) -» J)/dt 
dT(D°(t) -> f)/dt + dT(W(t) -> f)/dt 

(3) CP violation in interference between a decay without mixing, D° — > /, and a 
decay with mixing, D° — > D — )• / (such an effect occurs only in decays to final 
states that are common to both D° and D , including all CP eigenstates) , is 
defined by 

3mA/ ^ 

Usually type (1) is also know as direct CP violation, while type (2) and (3) are 
referred as indirect CP violation. 



3. Neutral charmed mesons decays: D mixing 

The interest in charm dynamics has increased rec ently with the evidence of charm 
oscillations reported by three different experiments I 14 | l5 | 16 |^ w j uc i 1) when combined 
together with all other avai lab le experimental information, established the existence 

rm 

of mixing at the 10cr level ^ In the Standard Model mixing in neutral D meson 
system can proceed through a double weak boson exchange (short distance con- 
tributions) represented by box diagrams, or through intermediate states that are 
accessible to both D° and D (long distance effects), as represented in Fig.Q] Poten- 
tially large long distance contributions are non-perturbative and therefore difficult 
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Fig. 1. Examples of Feynman diagrams which describe "short" (left) and "long distance" (right) 
contributions to the D° — D mixing amplitude. In the Standard Model the latter diagrams domi- 
nate over the "short distance" ones which are negligible compared to the first because of the small 
CKM coupling to the b quark and of GIM suppression of the remaining two light-quark loops. 

to estimate, hence the predictions for the mixing parameters x and y within the 
Standard Model span several orders of magnitude between 10~ 8 and 10 _2 ^1 The 
measured values of x and y, as aver aged by the Heavy Flavor Averaging Group 
(HFAG) when CP violation is allowed are 



The large uncertainties of the Standard Model mixing predictions make it difficult 
to identify New Physics contributions (a clear hint would be, if x is found to be 
much larger than y), ho wev er since current measurements are on the upper end of 
most theory predictions they could be interpreted as a possible hint for New 
Physics. 

Charm oscillations could be enhanced by a broad class of non-Standard Model 
physics processes ^1 i.e., models with extra fermions like a forth generation down- 
type quark, with flavor changing neutral currents at tree level mediated by ad- 
ditional gauge bosons or in general with new symmetry of the theory like in Su- 
persymmetry (SUSY). Any generic New Physics contribution to the mixing would 
naturally carry additional CP-violating phases, which could enhance the observed 
CP-violating asymmetries relative to Standard Model predictions. Moreover, since 
charmed hadrons are the only hadrons, presently accessible to experiment, composed 
of a heavy charged +2/3 quarlfl, they provides the sole window of opportunity to 
examine scenarios where up-type quarks play a special role, such as SU SY models 
where the down quark and the squark mass matrices are aligned I 12 | 13 | and, more 
generally, models in which CKM mixing is generated in the up-quark sector. 

4. Cabibbo suppressed D° — > tt+tt~ and D° — >■ K + K~ decays 

Examples of clean channels where to study both direct and indirect CP violation 
in the charm system are the neutral singly-Cabibbo-suppressed decays into CP- 



x = 




)% and y = (0.75 ±0.12)%. 



(5) 



a The top quark decays before it forms a hadron and therefore cannot oscillate; the absence of 
flavor mixing reduces significantly the possibility to study CP violating effects involving the other 
down— type quarks. 
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Fig. 2. Feynman diagrams of the possible topologies (from left to right: tree, one-loop penguin, 
W -exchange) of the D° — > h + h~ decays. The symbol q stands for either a d or a s quark. 



eigenstates, such as D° tt + it~ and D° — > K + K~ (collectively referred to as 
D° h + hr in the following). Owing to the slow mixing rate of charm mesons, the 
time-dependent asymmetry of Eq. |4] can be approximated to first order as the sum 
of two terms: 

A C p(D° -»• /; t) = Af P (D° -+/) + - A^(D° /) (a;, y « r/t) (6) 



where A^f p and A™p represents direct and indirect CP asymmetries, respectively. 
In the case / is a CP eigenstate, as for D° — > h + h~ decays, then 

|2 

and (7) 



Atp(D° 



A^ P {D° 



/) 
/) = 



1 



\Af/A f \ 



1+ \Af/A f \ 

' f y Ke(A/ - XJ 1 ) - x 3m(A/ - X] 1 ) 



(8) 



Within the Standard Model direct CP violation can occur in singly-Cabibbo- 
suppressed charm decays (c — > uqq with q = d, s) because the final state particles 
contain at least one pair of quark and antiquark of the same flavor, which makes 
a contribution from penguin-type or box am plitudes induced by virtual 6-quarks 
possible in addition to the tree amplitudes 12110 However, as shown in the Feynman 
diagrams of Fig. [2] the contribution of these second order amplitudes are strongly 
suppressed by the small combination of CKM matrix elements V c bV* b . Moreover, 
the tree amplitudes are practically CP conserving, since, for both D° — > ir + ir~ 
and D° -} K + K~ decays, they involve only one CKM factor, V c dV* d and V CS V* S 
respectively, which is real in Wolfenstein parametrization up to 0(A 4 ) and 0(A 6 ). 
Hence to first order one would expect to observe an asymmetry consistent only with 
the mixing phase <fi, with no decay phase contribution: 



A C p(D° -> h+h~ 



A^, P (D° -> h+h-) 
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b Conversely, in the Standard Model, it is not possible to have direct CP violation in Cabibbo- 
favored (c — > sud) or doubly— Cabibbo-suppressed (c — > dus) charm decays. 
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where rycp = +1 is the CP eigenvalue of the h+h~~ hnal state. The Standard Model 

dynamics predicts indirect CP asymmetries around O(10 -3 ), being suppressed by 

the value of x and y (see Eq. [5]) , while direct CP violation produces asymmetries 

one order of magnitude smaller. In addition, in the limit of £/-spin symmetry, the 

direct comp onen t is equal in magnitude and opposite in sign for D° — > K+K~ and 
D o 122] 

As already mentioned in the previous section, New Physics contributions to the 
charm mixing would, in general, also exhibit larger CP violation. This mixing- 
induced effects, in many scenarios beyond the Standard Model, would in addition 
provide sources of direct CP violation in D° h+h~ decays both at tree level (ex- 
tra quark in Standard Model vector-like representation, SUSY without R-parity 
models, two Higgs doublet models) or at one-loop (QCD penguin and dipole opera- 
tors, fl avor changing neutral currents in supersymmetric flavor models) as described 
in Ref. ^2l. While the first group of models can produce an effect that is much less 
than 1%, the processes having one-loop can even reach the percent level, producing 
effects that are clearly not expected in the Standard Model. 

In the absence of large new weak phases in the decay amplitudes, i.e., negligi- 
ble direct CP violation from New Physics, the CP asymmetries in singly-Cabibbo- 
suppressed decays into final CP eigenstates would be dominated by mixing-induced 
effects and thus universal, i.e., independent of the final state. So if different asym- 
metries are observed between D° — > tt+tt^ and D° — > K+K~ decays, then direct 
CP violation must be present. 

5. Measurement of time integrated CP asymmetries 

The sources of a possible asymmetry in neutral D meson decays can be distin- 
guished by their dependence on the decay-time, so a time-dependent analysis seems 
necessary. However sensitivity to indirect CP violation can be achieved also with 
time-integrated measurements, if the detector acceptance allows to collect samples 
of D° mesons with decay-times longer than r. In fact, the time-integrated asym- 
metry is the integral of Eq. [6] over the observed distribution of proper decay time, 



A C p(D° -> h+h-) = A% P (D° -> h + h~) + A l £p(D a -> h+h-) / - D(t)dt 



Since the value of (t) depends on D(t), different values of time-integrated asym- 
metry may be observed in different experimental environments because of different 
detector acceptances as a function of decay time, thus providing different sensitiv- 
ities to A'qp or A™p. In experiments where the reconstruction efficiency does not 
depend on proper decay time {D(t) = 1), as it is the case at the B-factories, the 
factor (t) jr equals unity resulting in the same sensitivity to direct and indirect CP 



D(ty. 




Af P (D° -> h+h-) + ^ A™p(D° -»• h+h-). (9) 
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violation. On the contrary, in experiments where data are collected with an online 
event selection (trigger), that imposes requirements on the displacement of the D° 
meson decay point from the production point, as it is the case at the CDF and 
LHCb, results (t)/r > 1. This makes measurements, performed in hadronic envi- 
ronment, as CDF and LHCb, more sensitive to mixing-induced CP violation. In 
addition, combination of these results with those from Belle and BABAR provides 
discrimination between the two contributions to the asymmetry. 

From the experimental point of view the flavour of neutral D mesons at produc- 
tion is tagged by reconstructing D*+ — > D°ir+ decays in which the charge of the 
low momentum pion, ir s , determines the flavour of the D° meson. The measured 
asymmetry 

hh _ N(D° -> h+h~) - N(D° ->■ h+hr) 
rcc ~ N(D° h+h~) + N(D° ->■ h+h~) ' 

with N denoting the number of reconstructed decays, can be written, in general, as 
a sum of several (assumed small) contributions: 

A™ =A P + A h c h P + A- e . (10) 

where A^ p is the intrinsic CP asymmetry, A^ is a contribution due to an asymmetry 
in the reconstruction efficiencies of oppositely charged ir s and A p a contribution 
from a production asymmetry depending on the experimental environment. Since 
the final state h + h~ is self-conjugate, its reconstruction efficiency does not affect 
measured asymmetry A^ l c . 

At the Tevatron, charm and anticharm mesons are expected to be created in 
almost equal numbers. Since the overwhelming majority of them are produced by 
CP-conserving strong interactions, and the pp initial state is CP symmetric, any 
small difference between the abundance of charm and anti-charm flavor is con- 
strained to be antisymmetric in pseudorapidity. As a consequence, the net effect of 
any possible charge asymmetry in the production cancels out (A, = 0), as long as 
the distribution of the decays is symmetric in pseudorapidity ^[ 
In the production of D* + mesons in e + e~ — > cc, instead, there is a forward- 
backw ard asym metry, which arises from 7 — Z° interference and higher order QED 
effects I 30 | 3l | 32 | This term is an odd function of the cosine of the D* + production 
polar angle in the center-of-mass (CM) system (cos 8*). Since detector acceptance, 
in e+e- machines, is not symmetric with respect to cos 9*, the measurement is per- 
formed in bins o f cos 8* , allowing to correct for the acceptance and extract both A p 

One of the main experimental difficulty of these measurements comes from the 
small differences in the detection efficiencies of tracks of opposite charge A^ which 
may lead, if not properly taken into account, to spuriously-measured charge asym- 
metries. Relevant instrumental effects include differences in interaction cross sec- 
tions with matter between positive and negative low-momentum hadrons and the 
geometry of the main tracking system. This must be corrected to better than one per 
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mil to match the expected statistical precision of the current measurements. To reli- 
ably determine A* all experiments adopt a similar fully data-driven technique, based 
on an appropriate combination of charge- asymmetries observed in different event 
samples. In addition to the D° h + h~ modes mentioned above, two D° — > K~w + 
samples are reconstructed: one consisting of D mesons with tagged initial flavour, 
and one consisting of untagged candidates. The measured asymmetries for these 
modes can be written as 

/(tag _ a , aK-k , aKtt , a-k 
^rec — Sip ' A CP + A e + A e 1 

A™^ = A P + A« P + A?* . (11) 

A notable difference with (p~0|) is that this final state is not self-conjugate and thus 
an additional term A^ appears as a consequence of a possible asymmetry in the 
reconstruction efficiency of the D° — > K~ir + decays. The two measurements in 
([TT]) are used to determine A* at the TeVatron where A p is null, and A* + A p 
at the B-Factories. The fact that A p is antisymmetric with respect to cos (9* and 
A^ h P is independent of this variable allows to disentangle the two contributions 
at the e + e~ environment. Then the result is inserted into (fT0|) to extract A^t p . 



Table 1. Summary of recent experimental measurements of CP violating 
asymmetries in two— body singly-Cabibbo-suppressed decays of D° mesons. 



Experiment 


A CP (D° ^TT+TT") (%) 


A C p(D° -> K+K-) (%) 


BABAR 2008124 
Belle 2008 EH 
CDF 2012 EH 
Belle 2012 EH 


-0.24 ±0.52 ±0.22 
+0.43 ±0.52 ±0.12 
±0.22 ±0.24 ±0.11 
±0.55 ±0.36 ±0.09 


±0.00 ±0.34 ±0.13 
-0.43 ±0.30 ±0.11 
-0.24 ±0.22 ±0.09 
-0.32 ±0.21 ±0.09 



The individual measurements of the time-integrated CP asymmetries in the singly- 
Cabibbo-suppressed decays into CP-eigenstates are reported in Tab.[TJ As reference 
we report the results of the combined fit of the tagged D° — >• ir + ir~ and D — > ir + ir~ 
samples at CDF in Fig. [31 where the fit results are overlaid to the distribution of 
D°tt s mass. The signal yields are about 106 000 decays of D° — > 7r + 7r~ and 110 000 

Of D — >• 7T + 7T~ . 

A useful comparison with results from different experiments is achieved by ex- 
pressing the observed asymmetry as a linear combination (Eq. (|9])) of a direct com- 
ponent, Aq p , and an indirect component, A™ P , through a coefficient that is the 
mean proper decay time of charm mesons in the data sample used. Each measure- 
ments defines a band in the (A^p, A A gp) plane with slope - (t) jr (Eq. ©). CDF 
determines a mean decay time of 2.40 ± 0.03 and 2.65 ± O.O3ES, in units of D° life- 
time, for D° — » 7r + 7r~ and D a —> K + K~ decay s, resp ectively. The same holds for 
BABAR and Belle measurements, with slope — 1 1 -*-4 | 15 ] ^ ue ^ unbiased acceptance 
in decay time. The most recent results are shown in Fig. 21 which displays their re- 
lationship. The bands represent ±1<7 uncertainties and show that all measurements 
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Fig. 3; Results of the combined fit of the tagged D° — > n+ir and D — ► 7r+7r samples at 

CDF ESI. Distribution of D°n a mass for (a) charm and (b) anti-charm decays. Fit results are 
overlaid. 




Fig. 4. Comparison of the present results with Belle, BABAR and CDF measurements of time- 
integrated CP— violating asymmetry in (a) D° — ^ 7r+7r~ and (b) D° — ► K + K~ decays displayed 
in the (A^p, A^i p ) plane. The point with error bars denotes the central value of the combination 
of the three measurements with one-dimensional 68% confidence level uncertainties. Figures are 
extracted from Ref. 1261 Very recent measurement from Belle i s not included in the average. 



are compatible with CP conservation (origin in the two-dimensional plane). The 
results of the three experiments can be combined assuming Gaussian uncertainties, 
to construct a combined confidence regions in the (A^p, Aq p ) plane, denoted with 
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68% and 95% confidence level ellipses. The corresponding values for the asymme- 
tries are A%(D Q -» tt+tt-) = (0.04 ± 0.69)%, A^p(D a ->• tt+tt-) = (0.08 ± 0.34)%, 
A d j P (D° K+K-) = (-0.24 ±0.41)%, and A^D K+R-) = (0.00 ± 0.20)%, 
in which the uncertainties represent one-dimensional 68% confidence level intervals. 

6. Measurement of AAcp 

At LHC charm and anticharm mesons are produced by CP-conserving strong in- 
teractions, through pp initial state, which has a net charge of +2e, which is not CP 
symmetric. This produces a small net effect different from zero in the asymmetry 
production A p , difficult to measure or cancel out in the measurement of the individ- 
ual CP asymmetries. The production asymmetry cannot be "easily" disentangled 
from the intrinsic CP asymmetry, and so far LHCb did not provided any indi- 
vidual measurement of the time-integrated CP asymmetry in the singly-Cabibbo- 
suppressed decay modes. However this term cancels out in the measurement of the 
difference 

AA C p = A C p(D° -> K + K~) - A C p(D° ->• tt+tt"), 

which could be maximally sensitive to CP violation since the individual asymmetries 
are expected to have opposite sign, if the invariance under the interchange of d with 
s quark is even approximately valid ^2. From Eq. |9] the difference AAcp can be 
written as 

AA CP = [A%{K-K+) - Af p (n-n+)] + ^-A™ P = AAf P + ^-A™, (12) 

and in the limit that A(t) vanishes, AAcp is equal to the difference in the direct 
CP asymmetry between the two decays AA^p. Tab. [2] reports the most recent mea- 

Table 2. Summary of recent experimental measurements of AAcp in two-body 
singly-Cabibbo-suppressed decays of D° mesons. The BABAR measurement has been 
calculated assuming the two individual asymmetries uncorrelated. 

Experiment Acp(D° K+K~) - Acp(D° 7T+7T - ) (%) significance 



BABAR 20081211 -0.24 ± 0.62 ± 0.26 0.4<r 

Belle 2008 ESI -0.86 ± 0.60 ± 0.07 1.4ct 

LHCb2012E21 -0.82 ± 0.21 ± 0.11 3.5<r 

CDF 2012^11 -0.62 ± 0.21 ± 0.10 2.7<r 

Belle 2012 -0.87 ± 0.41 ± 0.06 2.1a 



surements of AAcp with the relative uncertainties, where the deviation from zero 
is calculated by adding in quadrature the statistical and systematic uncertainty, 
assumed to be independent and Gaussian-distributed. All measurements are consis- 
tent. In particular LHCb result strongly indicate, for the first time, the presence of 
CP violation in the charm sector, since AAqp deviates from zero by and 3.5a, con- 
firmed by CDF results 2.7a from zero. The two results have comparable accuracy 
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and less than la different in central value. The combined results of the two experi- 
ments provide substantial evi dence for CP violation in the charm sector with a size 
larger than most predictions | 33 | 34 |^ p 0SS ibly suggestive of the presence of non-SM 
dynamics. Figure [6] shows the AAcp measurements as a function of A™p. 



7. Measurement of Ar 

The singly-Cabibbo-suppresscd D° — > h + h~ decays probes CP violation effects also 
through the observable A-p, given by the asymmetry of effective lifetimes as 



_ r(D°^h+h-)-T(D ^h+h-) 

A r = —— o . (id) 

-{D -> h+h-) + t(D° -> h+h~) 



T 



where effective lifetime refers to the value measured using a single exponential 
model. Given th e experimental constrains < 1 and assuming \Af/Af\ « 1 
one can write 

A r « -A^p. (14) 

The measurement of Ar is, therefore, described in most literature as a determination 
of indirect CP violation. However, because of the very recent measurements of 
AAqp, the direct CP violation, which seems to be at the level of 10~ 2 cannot be 
neglected in the calculations. It can have a contribution to Ar at the level of 10~ 4 . 
Ar can be then expressed ^51 as 

Ar w -A^ P - A d j P ncpy cos w -Ag* - A^y CF . (15) 

where yep is the deviation from unity of the ratio of effective lifetimes in the decay 
modes D° -> h+h- and D° K~-k+ 

t(D° K+K-) , s 

(16) 

In the limit of no CP violation yc p is equal to y and hence becomes a pure mixing 
parameter. The most recent measurement for Ar and yep are reported in Tab. [3] 
The latest from BABAR and Belle were presented very recently in 2012, confirming 
the presence of charm mixing, respectively at 3.3<r and 4.8er, and a value for Ar 
consistent with zero. 



Table 3. Summary of recent experimental measurements of 
yep and Ar in two body singly-Cabibbo-suppressed decays of 
the D° mesons. 



Experiment 

BABAR 2007 El 
BeUe 2007 El 
LHCb 2012 E3 
BABAR 2012 ESI 
Belle 2012 ESI 



yep [%] 

1.24 ±0.39 ±0.13 
1.31 ±0.32 ±0.25 
0.55 ±0.63 ±0.41 
0.72 ±0.18 ±0.12 
1.11 ±0.22 ±0.11 



A r [%] 

-0.26 ±0.36 ±0.08 
±0.01 ±0.30 ±0.15 
-0.59 ±0.59 ±0.21 
±0.09 ±0.26 ±0.06 
-0.03 ±0.20 ±0.08 
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Fig. 5. Results of the simultaneous fit to decay time distributions of (a) D° — > K + K~, (b) 
D° — > K~tt+ and (c) D° — > 7r+7r — decays from Ref. 1151 The cross-hatched area represents 
background contributions, the shape of which was fitted using mass sideband events, (d) Ratio of 
decay time distributions between D° — ► K + K~ , tt + tt~ and D° — > K~n + decays. The solid line 
is a fit to the data points. 



As for the measurement of the time-integrated CP asymmetry, it is necessary to 
reconstruct the D* + —> -D°7r+ decays with a characteristic slow pion ir s , and D° 
K + K~, K~n + , and tt + it~ . To select pion and kaon candidates, standard particle 
identification criteria are imposed. D° daughter tracks are refitted to a common 
vertex, and the D° production vertex is found by constraining its momentum vector 
and the tt s track to originate from the e + e~ interaction region. The proper decay 
time of the D° candidate is then calculated from the projection of the vector joining 
the two vertices, L, onto the D° momentum vector, t = ra^oL -p/p 2 , where m^o 
is the nominal D° mass. The decay time uncertainty a t is evaluated event- by- event 
from the covariance matrices of the production and decay vertices. Figure [5] reports 
the results of the simultaneous fit to to decay time distributions of D° — > K + K~ , 
D° — > K~tt + and D° — > tt + tt~ decays at Belle^l Similar distributions are obtained 
at BABAR and LHCb. For all experiments the main challenges are the extraction of 
the time resolution function and the acceptance variations with the decay time. In 
particular the last is crucial in LHCb where a lifetime-biasing selection is applied. 

Figure [6] shows the current knowledge on CP violation in D° — > h + h~ decays in 
the plane (A^p, A.Aq p ), where all measurements of AAqp and Ap are reported. A 
\ 2 fit is performed to combine all measurements reported in Tabj2]and|3l Statistical 
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Fig. 6. Representation of the current knowledge on CP violation in D° — > h + h~ decays in the 
plane (A'gp, AA^p). The combination of all results assumes Gaussian, fully uncorrelated uncer- 
tainties. See Ref. 1 171 for details of combination and references therein. 



and systematic uncertainties are added in quadrature wh en calculating the % 2 . The 
current world average value yep — (1.064 ± 0.209)%Q^ is used since it appears in 
the expression for Ay of Eq. [15l Moreover using the same approximation of Eq. [15] 
the difference of time-integrated CP asymmetries of Eq. [12] must be written as 




AA CP a AA^ P I 1 + y CP ^ ) + ^A^p (17) 



where A(t) is the difference between the averaged quantity (t) for the KK and mr 
final state and (t) is their average. The bands represent ±ler intervals, the point 
of no CP violation (0,0) is shown as a filled circle, and two-dimensional 68% C.L., 
95% C.L., and 99.7% C.L. regions are plotted as ellipses with the best fit value as 
a cross indicating the one-dimensional uncertainties in their center. From the fit, 
the change in \ 2 from the minimum value for the no-CPV point (0,0) is 21.7; this 
corresponds to a C.L. of 2 x 10~ 5 for two degrees of freedom. Thus the data is 
consistent with no CP violation at 0.002% C.L. The central values and ±lcr errors 
for the individual parameters are: 

A [ q P = (-0.027 ± 0.163)% (18) 
AA d j P = (-0.678 ± 0.147)% (19) 

Details can be found in Ref. [17] 



8. Conclusions 

Recent charm physics measurements reached for the first time an interesting pre- 
cision after many years of the discovery of c quark. The size of the available data 
samples of charmed mesons decays allows a first exploration of the the Standard 
Model predictions in this territory, in fact the first evidence for CP violation has al- 
ready opened a privileged door for probing effects of New Physics. The observation 
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of the CP violation in the charm sector is a near term goal, achievable in a short 
time scale, if current hints will be confirmed. Instead, the real long term challenge 
will be the interpretation of the observed effects, where the relatively small charm 
quark mass and the large cancellations in this system, makes it very hard. In par- 
ticular more precise determinations of the individual asymmetries in D° — > ir + ir~ 
and D° — > K + K decays and extension of the precise experimental exploration to 
other charm decays may help in understanding whether the observed effect can 
be attributed to significant hadronic corrections to the SM weak amplitudes or to 
new, non-SM sources of CP violation. Therefore precise measurements of both time- 
dependent and time-integrated asymmetries are necessary to reveal the nature of 
CP violating effects in the D° system. 

Since B factories, CLEO-c and CDF are analysing their final datasets, while 
LHCb and BESIII are currently taking data, new results are expected to come soon. 
However to deeply explore the very interesting territory of charm CP violation, we 
will need the next generation experiments, the LHCb upgrade and the the future 
e + e collider experiments. 
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